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Abstract: 
During cancer progression the extracellular matrix is remodeled, forming aligned collagen fibers 
that proceed radially from the tumor, resulting in invasion. We have recently shown that different 
invasive breast cancer cells respond to epitaxially grown, aligned collagen fibrils differently. 
This article develops insight into why these cells differ in their contact guidance fidelity. Small 
changes in contractility or adhesion dramatically alter directional persistence on aligned collagen 
fibrils, while migration speed remains constant. The directionality of highly contractile and 
adhesive MDA-MB-231 cells can be diminished by inhibiting Rho kinase or 1 integrin binding. 
Inversely, the directionality of less contractile and adhesive MTLn3 cells can be enhanced by 
activating contractility or integrins. Subtle, but quantifiable alterations in myosin II regulatory 
light chain phosphorylation on stress fibers explain the tuning of contact guidance fidelity, 
separate from migration per se indicating that the contractile and adhesive state of the cell in 
combination with collagen organization in the tumor microenvironment determine the efficiency 
of migration. Understanding how distinct cells respond to contact guidance cues will not only 
illuminate mechanisms for cancer invasion, but will also allow for the design of environments to 
separate specific subpopulations of cells from patient-derived tissues by leveraging differences in 
responses to directional migration cues. 
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Introduction: 
Migration is an important cell behavior that occurs during many pathological and physiological 
processes. For instance, during cancer invasion and metastasis, faster migration occurs through 
altered signaling pathways, cytoskeletal dynamics and adhesive structures. In addition to faster 
migration, it is well known that the tumor microenvironment (TME) presents directional cues for 
cancer cells, allowing for more eﬃcient cell migration towards blood vessels, lymph vessels and 
along nerve fibers. Directed migration comes in various flavors, one of which is contact guidance, 
or directed cell migration along aligned fibers or fiber-like structures. Contact guidance has been 
shown to be a powerful modulator of breast cancer metastasis, due to the robustly aligned 
collagen emanating radially from the TME [1], but other cancers likely share similar signatures 
[2]. Furthermore, this aligned fiber structure likely enhances stromal and immune cell migration 
towards the tumor [3, 4]. Understanding how contact guidance operates across different cells is a 
critical aspect of understanding the biology of tumor invasion and metastasis. In addition, 
fabricating tumor mimicking environments that allow for the separation and expansion of 
patient-derived cells for drug screening applications will require both the ability to make 
complex structures as well as the understanding of how cells respond to those structures. 
There have been numerous approaches for fabricating contact guidance cues in 2D and 
3D environments [5-8]. Controlling 3D contact guidance cues is more difficult and imaging cells 
embedded within these environments can pose challenges, so most of the work has been 
conducted in 2D environments. Most contact guidance work has been carried out on gratings [9-
12] that present either micro- or nano- sized grooves and ridges from 50 nm to 50 m in width 
with depths ranging from 30 nm to 3 m. In addition to gratings, lines of extracellular matrix 
(ECM) have been printed such that cells occupy one line and move randomly in 1D [13, 14] or 
span several lines [15-18]. Finally, aligned collagen fibrils have been epitaxially grown on mica 
[19]. Epitaxial growth of aligned collagen has several advantages. This contact guidance cue is 
formed using a native ECM protein and certain in vivo structural characteristics of collagen 
fibrils like D-banding are retained [20]. These substrates have been used to assess contact 
guidance in fibroblasts [21]. In addition, we recently used these substrates to show that cancer 
cells that migrate with similar speed, but different migration mode, sense contact guidance cues 
with vastly different directional fidelity [22]. 
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While all cells share basic migration steps including adhesion and contractility 
that results in traction generation or tail retraction, these steps are regulated differently 
among cells. Migration phenotypes have begun to be more rigorously defined and are 
commonly referred to as migration modes. Different signaling pathways are required for 
each migrational mode and blocking or enhancing certain pathways can allow a cell to 
switch between modes. Adhesion is regulated by integrin binding to ECM proteins like 
collagen. Integrins are activated either by intracellular focal adhesion (FA) molecules or 
manganese ions (Mn
2+
), resulting in higher affinity interactions with the ECM [23]. In 
particular, 1 integrin activation seems to increase traction force [24]. Attenuating 
integrin interactions with the ECM switches cells from a mesenchymal to amoeboid 
mode of migration [25]. Integrins initiate the assembly of FAs and recruitment of FA 
proteins such as paxillin. Paxillin is phosphorylated on several sites including pY118 that 
leads to FA turnover and maturation [26, 27]. Paxillin phosphorylation and the 
accompanying FA turnover and maturation are brought on by myosin-mediated 
contractility that is controlled by the phosphorylation of myosin II regulatory light chain 
(MRLC) by myosin light chain kinase (MLCK) and Rho kinase (ROCK) [26-28]. In the 
context of migration modes, the amoeboid mode depends on Rho/ROCK signaling to 
generate cortical contractility and blocking ROCK activity can switch cells from 
amoeboid to mesenchymal migration [29, 30]. However, much of the work outlining the 
differences in migration modes has been carried out in randomly migrating cells with no 
external directional cue. 
Both adhesion and contractility are important during contact guidance. Work on 
gratings has shown that directional fidelity is dependent on FA maturation [31, 32], 
however the role of paxillin phosphorylation in contact guidance is not clear. Cells 
spreading on gratings requires myosin contractility through the Rho/ROCK pathway for 
directional alignment [33, 34], but other Rho GTPases like Cdc42 and Rac [35, 36] and 
MLCK [37] are dispensable. In addition, contact guidance in 3D systems depends on 
ROCK, but not MLCK phosphorylation of MRLC [6]. However, no study has examined 
the role of MRLC phosphorylation on stress fibers or paxillin phosphorylation in FAs 
during contact guidance. Furthermore, no study has examined contact guidance fidelity in 
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response to adhesion and contractility perturbations across cell lines that migrate with different 
migration modes. 
In this paper, we benchmark contact guidance on epitaxially grown collagen fibrils with 
two other common contact guidance cues (CP lines and gratings) in MDA-MB-231 
(mesenchymal) and MTLn3 (amoeboid) cells. We show that both cell lines migrate similarly on 
CP collagen and gratings. However, epitaxial grown, aligned collagen fibrils generated distinct 
migration behavior as we have demonstrated before [22]. MDA-MB-231 cells sense contact 
guidance with high fidelity, but MTLn3 cells, sense contact guidance cues with low fidelity. We 
then perturb ROCK-mediated contractility and 1 integrin-mediated adhesion and show that 
directionality can be tuned up or down in cells roughly independent of cell speed. MDA-MB-231 
cells can be made to be less directional after contractility or adhesion inhibition, whereas MTLn3 
cells can be made to be more directional after contractility or adhesion enhancement. The 
perturbations that generate these dramatic changes in directionality alter MRLC and paxillin 
phosphorylation when localized to stress fibers and in FAs. Additionally, while dual 
perturbations of contraction and adhesion yield synergistic migration speed responses, additive 
or saturated directionality responses are observed, suggesting that contraction and adhesion have 
overlapping roles in modulating cell directionality. Finally, while MRLC phosphorylation on 
stress fibers is poorly predictive of cell migration speed on contact guidance cues, directionality 
is directly proportional to MRLC phosphorylation on stress fibers across numerous conditions 
and cell lines.  
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Materials and methods: 
Cell culture and reagents 
A human mammary basal/claudin low carcinoma cell line (MDA-MB-231, ATCC, Manassas, 
VA, USA) was cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. 
Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, New York, 
USA) and 1% penicillin-streptomycin (pen-strep) (Gibco) at 37°C in 5% CO2. A rat mammary 
basal adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert Einstein College of Medicine) 
was authenticated using IDEXX BioResearch (Westbrook, Maine, USA) and cultured in MEMα 
(Gibco) supplemented with 5% FBS (Gibco) and 1% pen-strep (Gibco) at 37°C in 5% CO2. 
Imaging media for MDA-MB-231 and MTLn3 cells was the same as the subculturing media, 
with the exception that no phenol red was included and that 12 mM HEPES (Sigma Aldrich) was 
included. 
Collagen substrate treatment 
High concentration non pepsin treated rat tail collagen type I (Corning, Corning, NY, USA) was 
used for the contact guidance cues. Four different types of contact guidance cues were made. The 
first two substrates involved depositing heterotrimeric collagen onto functionalized glass. 
Collagen was adsorbed (3 g ml-1 in solution for 1 hr) or microcontact printed onto no. 1 1/2-22 
mm square coverslips (Corning). Cover slips were cleaned [38] and functionalized with 1% 
aminopropyltriethylsilane (Fisher Scientific, Hampton, New Hampshire, USA) in 10 mM acetic 
acid (Alfa Aesar, Ward Hill, MA, USA) and 6% glutaraldehyde (Electron Microscopy Sciences, 
Hatfield, PA, USA) in phosphate buffered saline (PBS) without calcium and magnesium (Gibco). 
Polydimethylsiloxane (PDMS) stamps were made by mixing 184 Silicone Elastomer Base (Dow 
Corning, Midland, MI, USA) with its curing agent in a 10:1 weight ratio and then allowing it to 
spread on top of a silicon master fabricated at the Minnesota Nanocenter (University of 
Minnesota, Minneapolis, MN, USA). The master coated with PDMS was exposed to a vacuum to 
remove any air bubbles and then cured for 1 hr at 60°C. PDMS stamps were sonicated in double 
distilled water and in 100% ethanol. A 200 µl collagen solution of 60 µg ml
-1
 collagen I in 0.5 M 
acetic acid was applied to each stamp. After 40 min incubation, the collagen solution was 
removed and then the stamp was placed on the functionalized coverslip and allowed to incubate 
for 15 min. Later, the stamp was removed generating lines 3 m in width spaced 3 m apart (Fig. 
1C) [15].  
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The third substrate involved generating a grating. Shallow and deep gratings containing 
ridges and grooves (shallow: 0.1 m deep with 1.5 m pitch and deep: 3 m deep with 6 m 
pitch, Fig. 1D-H) were prepared from CD-Rs and the masters used for CP mentioned above. 
Commercial CD-Rs consist of layers including polycarbonate, dye, gold, lacquer and polymer 
coatings. A thin layer (50-100 nm) of gold is coated on the dye and polycarbonate layers which 
have a spiraling pregroove. To expose the pregroove, the lacquer and polymer coatings on the 
CD-Rs were removed [39]. The CD-Rs were cut to size first and then immersed in concentrated 
nitric acid (Sigma) for 4 min. The lacquer and polymer coatings delaminated spontaneously, 
exposing the gold grating. Then the CD-R pieces were washed with deionized water and ethanol 
several times and dried with nitrogen gas. The prepared grating topography was transferred to 
PDMS as was done for the CP and cells were plated on the PDMS generated grating. Gratings 
were inverted on a 150 µl collagen solution of 3 µg ml
-1
 collagen I in 0.5 M acetic acid. 
The final substrate involved assembling aligned collagen fibrils on atomically smooth 
mica. Collagen fibrils were epitaxially grown on 15 mm x 15 mm pieces of muscovite mica 
(highest grade VI, Ted Pella, Redding, CA, USA) that were freshly cleaved using tape [22]. 
Collagen type I was diluted (10 g ml-1) in the buffer solution consisted of 50 mM Tris-HCl 
(Fisher Scientific) and 200 mM KCl (Fisher Scientific) at pH 9.2. After incubation of 6-18 hrs 
the collagen solution was washed with deionized water, the mica was laid against the edge of a 
tissue culture dish and the mica was allowed to dry overnight and was used the next day. This 
protocol generated aligned collagen fibrils over the entire mica substrate (Fig. 1A&B). 
Characterizing substrates 
A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco Metrology, 
LLC, Santa Barbara, CA) was used to obtain height images of collagen fibrils on mica. Imaging 
was conducted in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, LLC, Santa 
Barbara, CA) with a spring constant of ~79 N/m and resonance frequency of ~ 269 kHz. 
Collagen fibrils were marked through attachment of 40 nm carboxylate-functionalized 
polystyrene spheres with embedded fluorophore (580/605) (Molecular Probes, Eugene, OR, 
USA) diluted into PBS. Aligned fibrils on a mica substrate were incubated with the fluorescent 
spheres for 1 hr. After the sample was dried at room temperature, the fluorescent spheres were 
imaged by epifluorescence using at 10× (NA 0.5, Nikon, Tokyo, Japan) with a charge-coupled 
device (CoolSNAP HQ2, Photometrics, Tucson, AZ, USA) attached to an inverted microscope 
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(Ti-E, Nikon) that was driven by Manager [40]. A P-7 Stylus Profiler (KLA Tencor corperation, 
Milpitas, California, USA) was utilized to perpendicularly scan the line of shallow and deep 
gratings. 
Live cell imaging 
Cells were plated at 40,000-50,000 cells ml
-1
 in 2 ml of media in 35 mm dishes. MDA-MB-231 
cells were incubated for 2 hrs supplemented with blebbistatin (Sigma Aldrich), ML-7 (Sigma 
Aldrich), Y-27632 (Calbiochem, Billerica, MA, USA), P5D2 1 integrin blocking antibody 
(mouse mAb, ascites, from Mark Ginsberg, University of California, San Diego) [41], calyculin 
A (Santa Cruz Biotechnology, Dallas, TX, USA) and MnCl2 (Fisher) and MTLn3 cells were 
incubated for 12 hrs with supplemented with calyculin A, MnCl2, Y-27632, and P5D2 on contact 
guidance cues in imaging media. Substrates with attached cells were inverted onto two strips of 
double sided tape attached to a microscope slide to generate a flow chamber. The chamber was 
filled with imaging media and sealed with a 1:1:1 mixture of vasoline, lanolin and paraffin wax. 
Chambers were imaged by phase contrast microscopy on a heated stage at 37°C every 2 min for 
12 hrs. Images were captured at 10× (NA 0.50, Nikon) as described above. 
Cell centroids were identified and tracked manually using the MTrackJ plugins of 
ImageJ (National Institutes of Health, Bethesda, MD, USA). Cell speed and directionality 
were calculated over a time lag of 2 min averaged over 12 hrs as described in a previous 
paper [15]. 
Fluorescence imaging 
Cells were plated at 40,000-50,000 cells ml
-1
 in 2 ml of media in 35 mm dishes. MDA-MB-231 
cells with 1µM Y-27632 were incubated for 5 hours, MDA-MB-231 cells with 0.1 µl ml
-1
 P5D2 
antibody were incubated for 12 hrs and MTLn3 cells with 0.01 nM calyculin A and 0.1 mM 
MnCl2 were incubated for 12 hours on highly aligned type I collagen fibrils, fixed with 4% 
paraformaldehyde (Fisher), permeabolized with 0.5% triton-X (Fisher) and stained for F-actin, 
pS19-myosin regulatory light chain (pS19-MRLC), and pY118-paxillin (pY118-Pax), a FA 
protein. F-actin was stained using alexa 488-phalloidin (Molecular Probes) and pS19-MRLC 
(mouse mAb, 1:50, 3675, Cell Signaling Technology, Danvers, Massachusetts, USA) and 
pY118-Pax (rabbit pAb, 1:100, 2541, Cell Signaling Technology, Danvers, Massachusetts, USA) 
were stained using antibodies  [42]. The secondary antibodies were donkey anti-mouse Cy3 and 
anti-rabbit Cy5 antibody (715-165-150 & 711-175-152, 1:400, Jackson Immuno Research, West 
 
 
9 
 
Grove, PA, USA). Fixed and stained cells were imaged by epifluorescence using a 20× air 
objective (NA 0.45, Nikon) and a 60× oil objective (NA 1.49, Nikon) on the same microscope as 
described above. 
Fluorescence intensity was calculated using home build macros in ImageJ (National 
Institutes of Health). Whole cell raw fluorescence intensity was calculated by adjusting the 
threshold of a population of cells in one image (20×) or one cell (60×), outlining them and 
logging the average thresholded intensity. The local background was calculated from the average 
grey value of bands around each thresholded cell. Fluorescence was calculated as the difference 
between whole cell raw fluorescence and background fluorescence. Stress fiber and FA raw 
fluorescence intensity was calculated by first generating a stress fiber or FA mask using the F-
actin or pY118-Pax images, respectively. Images were background subtracted using a rolling ball 
radius method (2 pixels) and a threshold was adjusted to clearly visualize stress fibers or FAs, 
which were logged as regions of interest (ROIs). These ROIs were used to make a mask that 
defined regions in the pS19-MRLC image to compute the stress fiber or FA raw fluorescence 
intensity. The average length to width ratio of stress fibers was computed by fitting ellipses to 
each stress fiber and computing the average for each condition. Background fluorescence was 
calculated around the cell as described above and fluorescence was calculated as the difference 
between whole cell raw fluorescence and background fluorescence. 
Confocal imaging was carried out using 63× (NA 1.40, Leica Microsystems, Exton, PA, 
USA) on a SP5X MP confocal microscope (Leica Microsystems). Z-slices were taken at 0.42 μm 
steps. Stacks of F-actin and pMRLC images were analyzed in Image J. They were first filtered 
using a mean filter. Contrast was adjusted to scale F-actin and pMRLC intensity similarly and 
the F-actin and pMRLC channels were merged. Voxel depths in image properties were changed 
to the slice distance and orthogonal views were produced in the xz- and yz-planes. 
Statistics 
The number of experiments and cells were stated in all the figure legends. At least three 
independent experiments were conducted. In general, means were calculated with error bars 
representing 95% confidence intervals. Differences between control and perturbation 
experiments were determined using a two-tailed student’s t-test and significance was assigned 
when p < 0.05. Predicted dual perturbation 95% confidence intervals were calculated by 
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summing the standard deviations of each perturbation and calculating a t-value with a weighted 
average of the total number of experiments. 
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Results: 
Diverse contact guidance cues elicit distinct migration responses 
It has been shown that contact guidance drives cell migration along the long axis of aligned ECM 
fibers or fiber mimics. While several methods have been used to present contact guidance cues, a 
direct comparison between methods is lacking. Consequently, we compared a topographical cue 
(gratings) and a chemical cue (CP lines of collagen) to highly aligned epitaxially grown 
collagen fibrils (Fig. 1). We chose to examine two breast cancer cell lines (MDA-MB-231 and 
MTLn3 cells) (Fig. 2). These cells have distinct migration modes in 3D (Fig. 2B) [30, 43] and 
engage in contact guidance on aligned collagen fibrils with dramatically different fidelity [22]. 
MDA-MB-231 and MTLn3 cells are highly invasive [44, 45] and they both metastasize to the lung in 
vivo [45-47]. MDA-MB-231 cells have been shown to be quantitatively more invasive than MTLn3 
cells [44]. MDA-MB-231 cells elongate on most contact guidance cues and often times exhibit 
bifurcated extensions (Fig. 2A). MTLn3 cells on the other hand only elongate on CP lines of 
collagen and usually exhibit a much more spread phenotype with one broad protrusion (Fig. 2A). 
We quantified both the contact guidance fidelity by calculating the directionality of movement 
(Fig. 2C), which is the projection of movement in the direction of the contact guidance cue and 
the migration speed (Fig. 2D). Migration on uniform surfaces of collagen result in low values of 
directionality and approximately equal speeds in both cell lines. The strength of each contact 
guidance cue differs. Shallow gratings induce weak contact guidance, whereas deep gratings 
induce high contact guidance. Both grating conditions resulted in relatively high cell speed. CP 
lines of collagen induce strong contact guidance in a similar fashion to deep gratings. Neither 
gratings nor CP result in large differences in directionality between MDA-MB-231 and MTLn3 
cells. On highly aligned collagen fibrils, the contact guidance response was intermediate. 
Interestingly, MDA-MB-231 cells had almost a three-fold higher directionality than MTLn3 cells 
on highly aligned collagen fibrils (p < 0.05), while at the same time migrating at roughly the 
same speed (Figs. 1C and D). Given these differences between MDA-MB-231 and MTLn3 cells 
in contact guidance on highly aligned collagen fibrils, we were interested in determining why 
these cells respond uniquely to one particular directional cue. 
Contractility and adhesion are regulators of migration mode-dependent contact guidance 
efficiency 
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Several studies have shown that modulating contractility and adhesion through Rho-family 
GTPases and integrin activation engenders plasticity to cells, allowing them to switch between 
migrational modes [25, 29, 48]. In addition, MDA-MB-231 and MTLn3 cells exert different 
traction forces on their surroundings [30, 49, 50]. Traction force is intimately tied to both 
contraction and adhesion. Consequently, contractility and adhesion likely play roles in 
determining contact guidance efficiency between cells of different migration modes. Because 
MDA-MB-231 cells exert more traction force, we sought to decrease either the contractility or 
adhesion. Conversely, MTLn3 cells exert less traction force, so we sought to increase either the 
contractility or adhesion. Therefore, MDA-MB-231 cells on highly aligned collagen fibrils were 
treated with blebbistatin (myosin II inhibitor, [51]), ML-7 (myosin light chain kinase inhibitor, 
[52]), Y-27632 (Rho kinase inhibitor, [53]) or P5D2 antibody (β1-integrin adhesion inhibitor, 
[41]) (Fig. 3 & 4). MTLn3 cells on the same substrates were treated with calyculin A (myosin 
phosphatase inhibitor, [54]) or MnCl2 (integrin activator, [55]) (Fig. 5 & 6). We examined 
contact guidance behavior as well as the spatial distribution and abundance of actomyosin 
cytoskeletal and FA markers, namely F-actin, MRLC S19 phosphorylation (pS19-MRLC) and 
paxillin pY118 phosphorylation (pY118-Pax). F-actin and pS19-MRLC tended to localize on 
stress fiber structures in both MDA-MB-231 and MTLn3 cells, although there was some areas 
where F-actin showed brighter staining than pS19-MRLC (lamellipodial extensions) or where 
pS19-MRLC showed brighter staining than F-actin (lamella regions) (Fig. S1). 
We first examined MDA-MB-231 cells with decreased contractility. Our 
approach was to use sub-maximal inhibitor concentrations, allowing us to tune the 
contractility in small increments, but also to limit off target effects. ROCK seems to be 
unique in its effect on contact guidance (Fig. 3C). The only perturbation that affects cell 
speed was blocking myosin II activity using blebbistatin (Fig. 3D). Doses of blebbistatin 
above 30 M completely inhibit cell migration (data not shown), precluding our ability to 
calculate directionality. Blocking MLCK or myosin II activity diminishes directionality 
only slightly (Fig. 3C). On the other hand, blocking ROCK with sub-maximal doses of 
Y-27632 dramatically diminishes the directionality, while not affecting speed to a great 
extent (Fig. 3C and D), demonstrating that directionality and speed have different dose 
responses. In addition, we tested whether adhesion modulation regulates migration 
directionality. Submaximal doses of P5D2, a 1 integrin blocking antibody, decreases 
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cell directionality, but not cell speed. This mimics what is seen with ROCK inhibition. Both 
ROCK inhibition and 1 integrin blocking result in lower whole cell F-actin content, pS19-
MRLC and pY118-Pax (Fig. 3E-G). These perturbations also result in shorter and less dense F-
actin bundles (Fig. 4C and D) and less pS19-MRLC localized to stress fibers and FAs (Fig. 4E 
and G). Finally, pY118-Pax at FAs is also decreased (Fig. 4F). Given that decreases in ROCK-
mediated contractility and 1 integrin-mediated adhesion result in decreased directionality in 
mesenchymal mode MDA-MB-231 cells, we decided to increase contractility and adhesion in 
amoeboid cells to see if a mirrored result could be generated. 
MTLn3 cells were treated with a contractility enhancer, calyculin A, a myosin 
phosphatase inhibitor that enhances MRLC phosphorylation. High doses of calyculin A are toxic 
and arrest migration (Fig. 8B and data not shown), but lower doses increase directionality by 
almost two-fold (Fig. 5C). Migration speed is only decreased by ~20% (Fig. 5D). Similar to 
MDA-MB-231 cells the dose response of directionality in response to contractility is different 
than that for speed in MTLn3 cells. Additionally, when adhesion is enhanced by adding MnCl2, 
which activates integrins and increases their affinity towards their ligands, MTLn3 directionality 
increases (Fig. 5C). Migration speed is unaffected (Fig. 5D). Changing the contractility and 
adhesion with submaximal doses of either calyculin A or MnCl2 results in no large changes in 
whole cell pS19-MRLC or pY118-Pax level (Fig. 5F-G). However, stress fibers appear robustly 
in MTLn3 cells treated with either calyculin A or MnCl2 (Fig. 6A-D). In addition, the pS19-
MRLC level on stress fibers increases as well as the pY118-Pax levels in FAs (Fig. 6E-G). 
Decreasing contractility or adhesion in MDA-MB-231 cells results in diminished 
directionality and increasing contractility or adhesion in MTLn3 cells results in enhanced 
directionality. Speed is unaffected. However, we were interested if MDA-MB-231 cells could be 
made more directional and MTLn3 cells could be made less directional on aligned fibrils. 
Consequently, we used calyculin A and MnCl2 to enhance contractility and adhesion in MDA-
MB-231 cells (Fig. S2A). Directionality is enhanced, but speed is diminished. However, Y-
27632 and P5D2 antibody treatment of MTLn3 cells do not affect directionality or speed (Fig. 
S2B). 
Contractility and adhesion inhibition have a synergistic effect on speed, but additive or 
saturated effect on directionality 
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In Fig. 3, we showed evidence that inhibiting ROCK-mediated contractility or 1 integrin-
mediated adhesion in MDA-MB-231 cells diminishes directionality. However, we were also 
interested in how simultaneous changes in contractility and adhesion affect cell migration. Here, 
we propose three possibilities to describe the response of dual perturbations (Fig. S3A). The 
change in level of the cell response (migration directionality or speed) between control and 
inhibition 1 in isolation and control and inhibition 2 in isolation is denoted by I1 and I2, 
respectively (Fig. S3A). The predicted change in cell response when two perturbations are used 
simultaneously is I1 + I2. If the response is addictive, the predicted response should match the 
measured response. If the response is synergistic, then the predicted level will be larger than 
experimental level. Saturated cell responses occur when the predicted level is smaller than the 
expected level. Since maximum concentrations of inhibitors completely blocked cell migration 
(data not shown), precluding our ability to calculate directionality, we probed sub-maximum 
concentrations that perturbed directionality, but kept speed roughly unchanged. Thus, we 
investigated dose responses of Y-27632 or P5D2 antibody on MDA-MB-231 cells (Fig. 7A-D). 
At higher concentrations of Y-27632 (0.5 µM) cell directionality decreases to untreated levels 
(black bars, Fig. 7A), but larger concentrations of Y-27632 (1 µM) dramatically decreases cell 
directionality (gray bar, Fig. 7A). Maximally disrupting ROCK activity (10 µM Y-27632, white 
bar) decreases directionality to the same extent as 1 M Y-27632 (Fig. 7A). Because the dose 
response of directionality and speed were different, we defined a dose as a low dose if it does not 
interrupt either directionality or speed (black bars). We defined a dose as a submaximal dose if it 
interrupts directionality, but not speed (grey bars). Finally, maximal doses interrupt both 
directionality and speed (white bars). We then treated MDA-MB-231 cells with intermediate or 
sub-maximal concentrations of Y-27632 and P5D2 antibody and analyzed cell speed and 
directionality. After blocking ROCK and β1 integrin adhesion with low doses of Y-27632 and 
P5D2 antibody or a low dose of Y-27632 and submaximal dose of P5D2 antibody, cell 
directionality exhibits an additive relationship, because no difference is seen between the 
predicted and experimental levels. Only when two sub-maximal doses are used does a saturated 
response ensue (Fig. 7E). This represents a lower bound on changing directionality through 
contraction or adhesion that is well above 0. Interestingly, blocking ROCK and β1 integrin 
adhesion with low or submaximal doses of Y-27632 and P5D2 antibody produces synergistic 
effects on speed (Fig. 7F). 
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Contractility and adhesion enhancers have an additive or saturated effect on both 
directionality and speed 
When a perturbation enhances a response, the definitions for synergistic and saturated are 
inverted. The change in level of the cell response between control and enhancer 1 in isolation 
and control and enhancer 2 in isolation is denoted by E1 and E2, respectively (Fig. S3B). The 
predicted change in cell response when two perturbations were used simultaneously is E1 + E2. If 
the response is addictive, the predicted response should match the measured response. If the 
response is synergistic, then the predicted level will be smaller than the experimental level. 
Saturated cell responses occur when the predicted level is larger than the expected level. For the 
same reasons described above we probed sub-maximum concentrations that perturbed 
directionality, but kept speed unchanged. Thus, we investigated dose responses of calyculin A or 
MnCl2 on MTLn3 cells (Fig. 8A-D). Mildly enhancing contractility (black bars, 0.001 nM 
calyculin A) does not change MTLn3 cell directionality. At 0.002 nM calyculin A (gray bars), 
cell directionality quantitatively increases, while speed remains roughly constant. At higher 
concentrations of 0.01 nM calyculin A (white bars), cell directionality increases further, but 
migration speed also decreases. Calyculin A concentrations above 0.01 nM were not assessed 
due to cell toxicity or complete inhibition of cell migration. Low doses, submaximal and 
maximal doses are defined as mentioned above. Enhancing contractility and adhesion with 
intermediate doses of calyculin A and MnCl2 results in additive cell directionality. Only when a 
maximal and submaximal dose of calyculin A and MnCl2 were combined is a saturated 
directionality response observed (Fig. 8E and F). Again, directionality appears to reach a 
saturating level that is well below the maximum of 1. Speed on the other hand is additive (Fig. 
8E and F).
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Discussion: 
In this paper we show that the way in which contact guidance cues are presented robustly 
controls the directional fidelity of cancer cells. Shallow gratings are relatively weak directional 
cues, whereas deep gratings and CP lines of collagen are potent. Epitaxially grown, aligned 
collagen fibrils result in intermediate potency, but result in differences between two model breast 
cancer cell lines: MDA-MB-231 and MTLn3 cells. MDA-MB-231 cells are more directional 
than MTLn3 cells and this may translate to quantitatively higher invasion and migration that is 
seen in vivo [44]. Small decreases in ROCK-mediated contractility or 1 integrin-mediated 
adhesion (Fig. 9B, blue oval with black circles) decreases directional fidelity in MDA-MB-231 
cells (mesenchymal), whereas small increases (Fig. 9A, yellow oval with black circles) increases 
directional fidelity. On the other hand, small decreases in ROCK-mediated contractility or 1 
integrin-mediated adhesion (Fig. 9B, blue oval with gray squares) does not affect directionality 
greatly in MTLn3 cells (amoeboid), but does decrease speed, whereas small increases (Fig. 9A, 
yellow oval with gray squares) increases directionality and decreases speed. Inhibiting 
contractility or making large decreases in ROCK-mediated contractility diminishes both speed 
and directionality in MDA-MB-231 cells (Fig. 9A, purple oval). Interestingly, the level of 
phosphorylation of pS19-MRLC in stress fibers and pY118-Pax in FAs appear to predict cell 
directionality (Fig. 9C and D). These same conditions do not result in large changes in cell speed 
(Fig. 9E and F), indicating that directionality correlates sensitively to changes in ROCK-
mediated myosin contractility and paxillin phosphorylation. When both contractility and 
adhesion are tuned the resultant directionality is often additive, i.e. the result was the sum of the 
changes seen in each single perturbation. Saturation is also observed indicating that there are 
limits in the ability to tune contact guidance fidelity in different cell types by altering 
contractility and adhesion. Migration speed on the other hand, is either additive or synergistic. 
Potency of contact guidance cues in directing cell migration 
Numerous approaches have been used to study contact guidance in vitro. However, these contact 
guidance cues could either be potent or weak, so much work has focused on what features of the 
cue enhance or degrade contact guidance fidelity. On gratings cell alignment percentage or 
average directionality increases with increased pitch size (ridge + groove width), but more 
sensitively with increased groove depth. The feature size used in this paper matches previously 
work [10, 11, 56, 57] on non-cancer cells. Directionality from cell migration tracks was not 
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assessed in any of these studies, but static images were used to calculate the percentage of cells 
aligned to within 10°. This percentage was 60% for fibroblasts and 10-20% for epithelial cells. 
The cell directionality was greater than 0.9 for fibroblasts, whereas endothelial and smooth 
muscle cells showed a directionality of 0.3, indicating that the phenotypes of the cancer cells 
examined in this paper lie closer to the endothelial or smooth muscle cells. More contractile cells 
like fibroblasts seem to engage in higher fidelity contact guidance than less contractile cells like 
epithelial cells [9, 56-59]. In addition to gratings, CP has been used as a contact guidance cue. 
The average directionality increases with increased line period [60, 61], spacing [15, 16] and 
adhesiveness [15, 16]. The directionality of MTLn3 cells in this study matches well with what 
we have seen previously [15]. When comparing gratings to CP lines of ECM, others have 
shown that gratings are less potent than lines at dimensions that approximately match ours [62], 
whereas larger dimensions show that gratings are more potent [63]. We show that indeed 
potency depends on grating depth, but under the conditions that we probed no cell type 
differences were found. 
However, only when we used epitaxially grown, aligned collagen fibers did we observe 
large differences between cell lines. First, it is possible that tuning either the gratings to be more 
potent or the CP lines to be less potent would result in similar cell type differences. Indeed, 
others have seen cell type differences on gratings [9, 56-59]. Potency of the contact guidance cue 
is an important factor for in vitro studies. Directed migration in vivo often does not occur with 
high fidelity, because of noise in the directional signal. This noise can lead to dramatically 
different directional sensing outputs [64], so intermediate potencies are likely more appropriate 
environments. Second, it is possible that the structure of collagen is important. Epitaxially grown, 
aligned collagen fibers form D-bands structures with periodic gaps and overlap regions that 
match well with collagen structures in vivo [20]. However, both CP lines of collagen and 
gratings are coated with heterotrimeric unpolymerized collagen. Cells might be able to sense D-
banding, thus increasing directional fidelity [21]. Third, it is possible that the mechanical 
properties govern this difference. Both gratings and CP lines of collagen are stiff. However, 
epitaxial collagen assembled onto mica is only weakly attached to the surface and fibrils can be 
remodeled through cell traction force. Future work will be focused on transferring collagen fibers 
to flexible substrates and examining the role of mechanics in governing contact guidance in these 
systems. 
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Myosin phosphorylation on stress fibers and paxillin phosphorylation in adhesions as 
mediators of contact guidance 
Others have shown that contact guidance depends on myosin contractility. Inhibiting myosin 
contractility decreases alignment in smooth muscle cells [32], endothelial cells [34], MTLn3 
cells [15] and neurons [37, 65]. Interestingly, contact guidance of T cells seems to be unaffected 
by decreases in contractility [66]. This is consistent with the fact that T cells exert weak traction 
forces. This observation agrees largely with our data showing that MTLn3 directionality does not 
decrease below the control condition in response to decreases in contractility or adhesion (Fig. 
9A and B) and further suggests that additional factors set the ranger over which cells can tune 
their directionality on contact guidance cues. In our previous work, MTLn3 cell directionality 
did decrease in response to decreases in contractility, but this was on a much more potent contact 
guidance cue, CP lines of collagen [15]. The Rho/ROCK pathway seems to be the determining 
factor for directional fidelity in osteoblasts [33], endothelial [34], stem cells [33] epithelial cells 
[35, 36] and neuron cells [37] and both increases and decreases can tune up or down the 
alignment of cells [35]. The Rho/ROCK pathway also appears to control contact guidance in 3D 
[6]. Other Rho GTPases like Cdc42 or Rac [35, 36] and other myosin kinases like MLCK are 
unimportant [37]. The dependence of directionality on Rho/ROCK is distinct to 1D, 2D or 3D 
random migration systems, where Rac seems to be the driver of “directional migration” or 
persistence [67]. Furthermore, in random motility others have shown a correlation between speed 
and directional persistence [68]. However, we observe that directionality and speed are not 
highly correlated (Fig. 9A and B). In random motility systems, polarization acts to enhance 
speed, such that as directionality increases, speed increases as well through an F-actin retrograde 
flow-dependent mechanism. Contact guidance likely relies on extrinsic polarity that is brought 
about through the formation of contractile stress fibers templated by the aligned collagen fibers 
and that operates differently than intrinsic polarity present during random migration. 
 In comparison to contractility, there have been fewer studies examining the requirements 
of adhesion during contact guidance. Recently, 1 integrin was shown to be important in 
confined migration [69] and 1 integrin is important in generating traction forces [24]. Both of 
these lines of evidence indicate a role for 1 integrin during contact guidance. In addition, others 
have shown that contact guidance fidelity is dependent on FA maturation [31], which was 
assayed through morphological analysis of FAs, but no compositional analysis was performed. 
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Paxillin phosphorylation can mark FA maturation, but it also marks FAs with high turnover, 
allowing cells to pull up FAs oriented away from the direction of the contact guidance cue 
leading to enhanced orientation along the contact guidance cue [32]. In addition to contact 
guidance, paxillin regulates durotaxis [70]. In particular, inhibition of the phosphorylation of 
Y118 abrogates durotaxis by inhibiting force fluctuations at FAs. While contact guidance is not 
the same as durotaxis it does share some features [71], particularly in the context of epitaxially 
grown, aligned collagen fibers. Cells can deform the collagen fibrils attached to the mica. The 
observed stiffness in the longitudinal direction is likely higher than that in the perpendicular 
direction. This could be thought of as setting up a circumferential gradient in observed stiffness 
based on the orientation of the cells, forcing cells to turn towards the stiffer direction, i.e. the 
longitudinal direction. This could explain similarities in the contractile and adhesion apparatus 
used in contact guidance and durotaxis. 
Contractility and adhesion balancing regulate contact guidance 
While both ROCK-mediated contractility and 1 integrin-mediated adhesion appear to regulate 
contact guidance, their roles in controlling directionality are similar. We first posited a role for 
contractility in contact guidance from earlier work [15], however this was on CP lines that 
resulted in higher cell directionality. Our hypothesis was that while migration speed is a biphasic 
function of contraction and adhesion, directionality was more or less monotonic with a possible 
saturation point. Indeed, we observe saturating behavior for both MDA-MB-231 (Fig. 7) and 
MTLn3 (Fig. 8), when combinations of larger perturbations are used. The current reason for this 
saturation behavior is not known, however it is not due to the stalling of migration. For small 
perturbations, the effects on contraction and adhesion are approximately additive, suggesting that 
both contractility and adhesion share in determining directionality through stress fiber formation 
brought on by MRLC phosphorylation. A recent modeling effort has examined dual 
perturbations in contractility (motor function) and adhesion (clutch function) in regulating the 
stiffness at which the maximum migration speed occurs [72]. Combinations of perturbations of 
parameters that describe both the motor and clutch function cooperate to change the sensitivity of 
the optimal stiffness. We also see changes in speed under dual perturbations that are additive, but 
some are synergistic, i.e. the experimental response is more dramatic than the predicted response. 
Feedback between contractility and adhesion might allow sensitivity in regulating migration 
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speed during contact guidance, even though smaller single perturbations seem to more 
dramatically affect directionality during contact guidance. 
 We are beginning to understand the cytoskeletal structures, FA species and intracellular 
signaling that is intrinsic to different forms of directional migration. Non-overlapping structures 
and pathways seem to distinguish different directional sensing mechanisms. While chemotaxis, 
directed migration in response to a soluble gradient, appears to be dependent on Cdc42 [73], N-
WASP [74] and cofilin [75], haptotaxis, directed migration in response to a insoluble matrix-
bound gradient, appears to be heavily dependent on Rac, Wave and Arp2/3 [76, 77]. Durotaxis 
on the other hand requires the cycling of paxillin phosphorylation and FA force [70]. Finally, 
contact guidance requires ROCK-mediated contractility and results in changes in paxillin 
phosphorylation. Discovering the signaling pathways during each form of directed migration will 
further our ability to predict migrational responses in the environments including the TME were 
multiple directional cues are presented.  
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Conclusions: 
In this paper we show that the potency of different contact guidance cues varies dramatically. 
CP lines of collagen are highly potent, whereas gratings are less potent. Epitaxially grown, 
aligned collagen fibrils represent intermediate potency that illuminates differences among breast 
cancer cells with different migration mode. MDA-MB-231 cells (mesenchymal mode) sense 
contact guidance with high fidelity, but this directional fidelity can be decreased by inhibiting 
ROCK-mediated contractility and 1 integrin-mediated adhesion. In contrast, MTLn3 cells 
(amoeboid mode) sense contact guidance with low fidelity, but this directional fidelity can be 
increased by enhancing contractility or activating integrins. Dual perturbations of contractility 
and adhesion result in additive changes in directionality, indicating that alterations in contraction 
and adhesion are interchangeable. Perturbations in contractility and adhesion that generate 
dramatic changes in directionality alter MRLC and paxillin phosphorylation slightly on a whole 
cell level, but much more intensely when localized to stress fibers and in FAs. MRLC 
phosphorylation on stress fibers and paxillin phosphorylation in FAs are poorly predictive of cell 
migration speed on contact guidance cues, but predict directionality well across different 
contractility and adhesion perturbations in two cell lines with distinct motility modes. 
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Figure legends: 
 
Figure 1. Length Dimensions of different substrates. (A) Epitaxially grown, aligned collagen 
fibril image taken using atomic force microscopy. Calibration bar length = 200 nm. (B) aligned 
collagen fibrils binding carboxylate-functionalized 40 nm polystyrene fluorescent spheres and 
imaged under fluorescence microscopy. (C) CP of alexa 555 collagen. Phase contrast imaging 
of a (D) shallow grating and (E, F) deep grating taken through the substrate (D, E) and of a slice 
of substrate laid on its edge (F). Calibration bar length = 30 μm (D, E) or 5 μm (F).  
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Figure 2. Migration of MDA-MB-231 and MTLn3 cells on three different contact guidance 
substrates. (A) Schematics of different contact guidance cues (center). Phase contrast images of 
MDA-MB-231 (left) and MTLn3 (right) cells at different time points during migration. 
Calibration bar length = 30 m. (B) Morphology of MDA-MB-231 and MTLn3 cells in a 2 mg 
ml
-1
 3D collagen gel. Migration (C) directionality and (D) speed of MDA-MB-231 and MTLn3 
cells. Uni: Uniform, SG: Shallow grating, DG: Deep grating, AF: epitaxially grown aligned 
collagen fibrils, CP: microcontact printed collagen (Nexperiments ≥ 3 and Ncells per experiment ≥ 50). 
Error bars are 95% confidence intervals. Solid black lines indicate that the means are statistically 
significant (p < 0.05 using two-tailed student’s t-test).  
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Figure 3. Migration after decreasing contraction or adhesion in a mesenchymal mode 
migrator. MDA-MB-231 cells on aligned collagen fibrils in the presence of contractility 
inhibitors (blebbistatin, ML-7, Y-27632) or a 1 integrin adhesion inhibitor (P5D2 antibody). (A) 
Schematic of motility modes and contact guidance response. (B) Phase contrast images of MDA-
MB-231 cells at different time points during migration in the presence of inhibitors. Calibration 
bar length = 30 m. Migration (C) directionality and (D) speed of MDA-MB-231 cells in the 
presence of inhibitors (Nexperiments ≥ 3 and Ncells per experiment ≥ 60). MDA-MB-231 cells on aligned 
collagen fibrils and treated with either Y-27632 (1 M) or P5D2 antibody (0.1 l/ml) were 
stained for (E) F-actin, (F) pS19-MRLC and (G) pY118-Pax. Images were taken using 
epifluorescence microscopy. Whole cell average grey value was calculated. Error bars are 95% 
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confidence intervals. Solid black lines indicate that the means are statistically significant (p < 
0.05 using two-tailed student’s t-test).  
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Figure 4. Phosphorylated MRLC and paxillin after decreasing contraction or adhesion in a 
mesenchymal mode migrator. MDA-MB-231 cells on aligned collagen fibrils in the presence 
of a contractility inhibitor (Y-27632, 1 M) or a 1 integrin adhesion inhibitor (P5D2 antibody, 
0.1l/ml). (A) Epifluorescence images of MDA-MB-231 cells stained for F-actin (top), pS19-
MRLC (middle) and pY118-Pax (bottom). Overlays of F-actin and pS19-MRLC or pY118-Pax 
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and pS19-MRLC are included. Zoomed region is indicated by the white box and is shown to the 
right. Calibration bar length = 30 m. (B) Sample images showing segmented F-actin bundles 
and FAs. (C) Average aspect ratio of F-actin bundles. (D) Mean grey value of segmented F-actin 
bundles. (E) Mean grey value of pS19-MRLC within regions on F-actin bundles. (F) Mean grey 
value of pY118-Pax on segmented FAs. (G) Mean grey value of pS19-MRLC on segmented FAs. 
(Nexperiments ≥ 3 and Ncells per experiment ≥ 26). Error bars are 95% confidence intervals. Solid black 
lines indicate that the means are statistically significant (p < 0.05 using two-tailed student’s t-
test).  
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Figure 5. Migration after increasing contraction or adhesion in an amoeboid mode migrator. 
MTLn3 cells on aligned collagen fibrils in the presence of contractility enhancer (calyculin A 
(cA), 0.01 nM) or integrin activator (MnCl2, 0.1 mM). (A) Schematic of motility modes and 
contact guidance response. (B) Phase contrast images of MTLn3 cells at different time points 
during migration in the presence of enhancers. Calibration bar length = 30 m. Migration (C) 
directionality and (D) speed of MTLn3 cells in the presence of enhancers (Nexperiments ≥ 3 and 
Ncells per experiment ≥ 90). MTLn3 cells on aligned collagen fibrils and treated with either cA or 
MnCl2 were stained for (E) F-actin, (F) pS19-MRLC and (G) pY118-Pax and images were taken 
using epifluorescence microscopy. Whole cell average grey value was calculated. Error bars are 
95% confidence intervals. Solid black lines indicate that the means are statistically significant (p 
< 0.05 using two-tailed student’s t-test).  
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Figure 6. Phosphorylated MRLC and paxillin after increasing contraction or adhesion in an 
amoeboid mode migrator. MTLn3 cells on aligned collagen fibrils in the presence of a 
contractility enhancer (cA, 0.01 nM) or integrin activator (MnCl2, 0.1 mM). (A) Epifluorescence 
images of MTLn3 cells stained for F-actin (top), pS19-MRLC (middle) and pY118-paxillin 
(bottom). Overlays of F-actin and pS19-MRLC or pY118-Pax and pS19-MRLC are included. 
Zoomed region is indicated by the white box and is shown to the right. Calibration bar length = 
30 m. (B) Sample images showing segmented F-actin bundles and FAs. (C) Average aspect 
ratio of F-actin bundles. (D) Mean grey value of F-actin on segmented F-actin bundles. (E) Mean 
grey value of pS19-MRLC within regions delineated by segmented F-actin bundles. (F) Mean 
grey value of pY118-Pax on segmented FAs. (G) Mean grey value of pS19-MRLC within 
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regions delineated by segmented FAs (Nexperiments ≥ 3 and Ncells per experiment ≥ 27). Error bars are 95% 
confidence intervals. Solid black lines indicate that the means are statistically significant (p < 
0.05 using two-tailed student’s t-test).  
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Figure 7. Simultaneously tuning contractility and adhesion in a mesenchymal mode 
migrator. MDA-MB-231 cells on aligned collagen fibrils in the presence of single inhibitor (Y-
27632 or P5D2) or combination of inhibitors (Y-27632 and P5D2). Migration (A) directionality 
and (B) speed of MDA-MB-231 cells in the presence of only Y-27632. Migration (C) 
directionality and (D) speed of MDA-MB-231 cells in the presence of only P5D2. Migration (E) 
directionality and (F) speed of MDA-MB-231 cells in the presence of both Y-27632 and P5D2. 
Black bars are conditions that show similar migration directionality and speed as compared to 
control. Grey bars are conditions that show different migration directionality, but similar 
migration speed as compared to control. White bars are conditions that show different migration 
directionality and speed as compared to control. Predicted (P) values for migration directionality 
and speed under dual perturbations are calculated from the single cue experiments and are 
marked with dashed lines. Experimental (E) values for migration directionality and speed under 
dual perturbations are marked with solid lines. (Nexperiments ≥ 3 and Ncells per experiment ≥ 60). Error 
bars are 95% confidence intervals. Predicted dual perturbation 95% confidence intervals are 
propagated from the single perturbation experiments. Black lines indicate that the means for 
different conditions are statistically significant. Statistical significance was determined for p < 
0.05 using two-tailed student’s t-test.  
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Figure 8. Simultaneously tuning contractility and adhesion in an amoeboid mode migrator. 
 MTLn3 cells on aligned collagen fibrils in the presence of single activator (calyculin A or 
MnCl2) or combination of inhibitors (calyculin A and MnCl2). Migration (A) directionality and 
(B) speed of MTLn3 cells in the presence of only calyculin A. Migration (C) directionality and 
(D) speed of MTLn3 cells in the presence of only MnCl2. Migration (E) directionality and (F) 
speed of MTLn3 cells in the presence of both calyculin A and MnCl2. Black bars are conditions 
that show similar migration directionality and speed as compared to control. Grey bars are 
conditions that show different migration directionality, but similar migration speed as compared 
to control. White bars are conditions that show different migration directionality and speed as 
compared to control. Predicted (P) values for migration directionality and speed under dual 
perturbations are calculated from the single cue experiments and are marked with dashed lines. 
Experimental (E) values for migration directionality and speed under dual perturbations are 
marked with solid lines (Nexperiments ≥ 3 and Ncells per experiment ≥ 90). Error bars are 95% confidence 
intervals. Predicted dual perturbation 95% confidence intervals are propagated from the single 
perturbation experiments. Black lines indicate that the means for different conditions are 
statistically significant. Statistical significance was determined for p < 0.05 using two-tailed 
student’s t-test.  
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Figure 9. Schematic showing directionality and speed dependence on contractility and 
adhesion across different cell lines. (A and B) Migration directionality as a function of 
migration speed across different cell lines and perturbations. Colored regions represent classes of 
similar perturbations (Yellow: contractility and adhesion increases, Purple: large changes in 
contractility and Blue: contractility and adhesion decreases). Migration (C and D) directionality 
and (E and F) speed in MDA-MB-231 cells (black) and MTLn3 (grey) cells as a function of 
contractility and adhesion as measured by pS19-MRLC (contractility) and pY118-Pax (adhesion) 
signals. Axes ranges are not explicitly defined, but are function of the migration directionality, 
migration speed or staining intensity. Error bars are 95% confidence intervals.  
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Supplementary figures and figure legends: 
Supplementary Figure 1. Confocal images of MDA-MB-231 and MTLn3. (A) Images at 
different z-positions (z-distance between images is 0.84 μm) for MDA-MB-231 cells (Top) and 
MTLn3 cells (Bottom). Orthogonal view of F-actin (green) and pS19-MRLC (red) in (B) MDA-
MB-231 cells and (C) MTln3 cells in xz- and yz- planes. Calibration bar length =10 μm. 
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Supplementary Figure 2. Enhancing contractility and adhesion in mesenchymal cells and 
inhibiting contractility and adhesion in amoeboid cells. Contractility and adhesion of MDA-
MB-231 and MTLn3 cells on aligned collagen fibrils was tuned in the opposite direction as 
above. (A) Migration directionality (top) and speed (bottom) in MDA-MB-231 cells in the 
presence of a contractility enhancer (cA) and an integrin activator (MnCl2). (B) Migration 
directionality (top) and speed (bottom) in MTLn3 cells in the presence of a contractility inhibitor 
(Y-27632) and a 1 integrin adhesion inhibitor (P5D2 antibody) (Nexperiments ≥ 3 and Ncells per 
experiment ≥ 63). Error bars are 95% confidence intervals. Solid black lines indicate that the means 
are statistically significant (p < 0.05 using the student’s t-test).  
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Supplementary Figure 3. Schematic of relationship between experimental and predicted 
results for dual parameter changes in both contractility and adhesion. Cell response is either 
directionality or speed and can either be inhibited (A) or enhanced (B). (A) I1 and I2 are the 
differences between the untreated control and two different inhibitor treatments. (B) E1 and E2 
are the differences between the untreated control and two different enhancer treatments. 
Different examples qualitative behavior (additive, synergistic or saturated) are shown to the right. 
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